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1. INTRODUCTION
Modern countries and global economies understand
and see the needs of environmental protection. It aims
at lower greenhouse gas emissions, protection of water
and soil, noise reduction, waste management, recy-
cling, the search for alternative energy sources and
broadly understood energy saving [1, 2].
Currently, a very broad field of science within the
framework of modern, ecological pro-environmental
material solutions is the search for insulation and
building composites with low values of the thermal
conductivity coefficient λ.
Gypsum is a construction material with a very wide
application. It is perceived as safe, useful and environ-
mentally friendly. In construction, gypsum is used to
perform: internal plasters, decorative architectural
details, statues, plasterboards, floors and construction
blocks, as well as mortars and glues. This wide useful-
ness is an effect of the universal and positive physical
properties of the material. Gypsum components are
completely odourless, environmentally friendly and
fire resistant. They also provide thermal and acoustic
insulation. Moreover, gypsum possesses the natural
mechanism to hygrothermally balance an indoor envi-
ronment [3]. Excellent performance, attractive
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A b s t r a c t
The presented work focuses on the influence of the micromaterials (microspheres, aerogel and polymer hydroxyethyl methyl
cellulose) on thermal properties of gypsum. The polymer and the aerogel are used as additives in the weight fraction, up to
1% of pure gypsum and the microspheres in the weight fraction, up to 10% of gypsum. The water-to-gypsum ratio was at the
level of 0.75. Non-stationary method and Isomet 2114 experimental setup were applied for the purpose of measurements of
thermal parameters. The coefficient of thermal conductivity λ, the specific heat Cp and the thermal diffusivity a were deter-
mined. The gypsum with polymer content resulted in more than 15% lower thermal conductivity in comparison to the spec-
imen without HEMC as a result of the different density and total porosity of the material. The gypsum with aerogel and
microspheres content resulted in more than 8% and 7% respectively lower values in comparison to the pure gypsum with-
out micro additives. Decrease in thermal conductivity, thermal diffusivity and density with added micro product were
observed as a result of structure modifications of the gypsum product. 
K e y w o r d s : Aerogel; hydroxyethyl methyl cellulose; Micromaterials; Microspheres; Thermal properties.
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appearance, easy application, and its healthful contri-
bution to living conditions have made gypsum one of
the most popular finishing materials [4–6].
Gypsum can be modified with various additives. The
use of various types of chemical additives may cause
differences in the properties of gypsum. Differences
in material properties and applications are caused by
several kinds of chemical additives: accelerators,
retarders, starch, sugars, water-resistant, cellulosic
and fiberglass fibres, vermiculite, and others [7–9].
The other group of admixtures are water reduction
agents, mainly polymers and copolymers, e.g., ligno-
sulfonate, naphthalene sulfonate, and acrylic-poly-
ether. These polymers not only affect water share in
a slurry, but also change other physical properties.
Therefore, any modifications of gypsum properties
affect its useful properties and applicability [10]. The
development of thermo-insulating materials has also
brought about investigations into other additives
such as aerogels [11–13] and microspheres [14, 15]
which have insulating properties better than foamed
polystyrene. In the presented study, micromaterials
were used as an additive, which affects gypsum prop-
erties during the aging process. The non-stationary
method of measurements allowed determination of
thermal properties, especially conductivity, specific
heat and thermal diffusivity during the first 28 days.
The knowledge of the values of thermal conductivityλ of many materials is very important during engi-
neering practice and in experimental research.
Together with specific heat Cp, density ρ and thermal
diffusivity a, it is one of the most important parame-
ters of physical and chemical substances. 
The main purpose of this study was experimental
investigation of gypsum thermal behavior and prop-
erties. Gypsum was modified by an addition of
microspheres, aerogel and polymer (hydroxyethyl
methyl cellulose – HEMC) in different contents.
Researchers have studied the thermal conductivity λ
of modified gypsums. Selected types of micro addi-
tives are widely used in the building material industry
and there is a lack of research concerning the ther-
mophysical properties of unripe gypsum composite
for aerogels and microspheres.
The research results for three micro additives were
presented in the work. They are different in terms of
physicochemical properties. In literature, there are
no references to comparative research of these com-
posites. In this work, the authors proposed a broader,
new view of the problem. Additional measurements
were proposed of specific heat Cp, thermal diffusivity
a and density ρ.
There is a great deal of scientific research on micro
additives applied in concrete. There are few papers
about application of micro additives and their 
influence on thermal parameters of gypsum.
Microspheres, aerogels and polymers are well-exam-
ined materials. Heim et al. [3] has done some exten-
sive research on how the addition of 1% of polymer
to gypsum affects the mineral. 
The authors of the current research have decided to
apply micro additive of aerogel, also in the amount of
1% for the comparison of both components. Kwan
and Chen [15] suggested application of microspheres
in concrete in various amounts, including minimal
addition of 10%. In the case of gypsum, due to its
specific nature in comparison to cement, this amount
of additive should be treated as a maximum.
The research was carried out using a non-stationary
method with the Isomet 2114 experimental set up for
gypsum specimens: 100  100  100 mm. Each speci-
men was tested eighteen times. The experiments
were devoted to determining thermal conductivity,
specific heat and thermal diffusivity for gypsum spec-
imens after hydration of hemihydrate calcium sul-
phate and in aging of the material for 28 days.
2. BASIC THEORY
The equation for temperature distribution is derived
by considering an infinitely small volume within the
medium subject to temperature gradients. In
Cartesian coordinates the control volume is a cube of
dimensions dx, dy and dz as shown in Fig. 1 [16].
We will also assume that there is a source of heat gen-
eration within the medium, such that the local volu-
metric heat generation rate is S . The medium has a
conductivity λ, a density ρ and specific heat Cp.
The principle of conservation of energy is employed
to derive the required equation by balancing the rate
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Figure 1.
Fluid flow through a parallelepiped
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of heat storage within the control volume against the
net heat input rate. Consider first heat flowing in the
direction of the x axis. The component of heat flux
entering the left-hand face of the cube is qx and the
component of heat flux leaving the right-hand face is
qx+dx where:
If thermal conductivity λ is constant and there is no
internal heat generation then:
where
is the thermal diffusivity of the medium.
Coefficient a shows the speed with which the temper-
ature from one plane to another changes, that is,
receptivity of material to compensation of tempera-
ture while heating up or cooling in specific places.
Specific heat of solids and liquids is a feature depend-
ing only on the chemical structure of these bodies
and not depending on their shape and size. Specific
heat of most of the substances changes insignificant-
ly with changes of temperature even within the one
state. Thermal conductivity is one of the irreversible
phenomena. It is a symptom of reaction of the ther-
modynamic system to the disturbance of the equilib-
rium state. This reaction aims at liquidation of the
occurred disturbance. 
3. MATERIAL SELECTION FOR EXPERI-
MENTAL ANALYSYES
In the experimental work [3] the scope of literature
knowledge related to thermal research is described
very precisely, in particular with determining the
thermal conductivity of building materials.
The material, mechanical and thermal properties of
pure gypsum and its components are very well known
and described in the literature [17–19]. As a tradi-
tional, unmodified building product, it has the ther-
mal conductivity λ, varying in the range of 0.23 to
1.00 W/(mK), and density ρ = 1000 kg/m3 for gyp-
sum boards and blocks. The averaged specific heat is
approximately 840 J/(kgK) [3, 19]. The influence of
various additives like: aerogels, microspheres and
polymers on the thermal conductivity of gypsum is
currently not well recognized.
General and basic information of porous materials
can be found in Carson et al. work [20]. Some inves-
tigations were done for vermiculite [21], rocks [22]
and cement [23–25]. In the case of concrete [23], the
effects of inorganic polymer on pore size and thermal
conductivity are substantial. Hydrate additives in
cement mortar were investigated by Choi and
Noguchi [26]. They showed that these hydrates then
fill up the pores in the hardened cement.
A more homogenous and denser cementitious matrix
can be obtained using superabsorbent polymers
(SAPs) [27]. The effect of strengthening the structure
of cement was changed by three different types of
polymers (PVAA, MC i HEC) and described by
Knapen and Van Gemert [28].
Hydroxyethyl methyl cellulose is a nonionic polymer
characterized by high viscosity and nontoxic and
water-soluble properties. HEMC is one of the cellu-
lose ethers and is widely applied in the building con-
struction sector. It can be used to modify building
materials that are made based on any mortars, such as
cement or gypsum [23, 25]. The particle size of poly-
mer added to gypsum was in the range 150–250 µm. 
Nowadays aerogels are one of the best thermal insu-
lation materials. For this work, silica aerogel in the
form of particles of fraction 0.7–4.0 mm was used
[29]. The granules feature hydrophobic properties
and their specific density ranges between 120 and
150 kg/m3. They are the only fire resistant materials
that offer thermal conductivity values as low as
0.012–0.018 W/(mK) without the need for vacuum or
gas sealed systems [30]. This is achieved by forming
the structure in a supercritical drying process.
Supercritical drying is performed to replace the liq-
uid in a material with a gas to isolate the solid com-
ponent from the material without destroying the
material’s nanostructured pore network of diameter
of approximately 20 nm.
Microspheres are light, thin-walled hollow spheres
which are by-products of the combustion of pulver-
ized coal at thermal power plants. Due to their prop-
erties they are a potentially interesting filler and may
be used for cement-based composites production
[31]. The particle size of microspheres from fly ash,
added to gypsum was in the range 50–150 µm. The
main chemical constituents in used microspheres:
Al2O3 (34–38%), Fe2O3 (1–3%), SiO2 (50–60%),
CaO (1–4%), MgO (0.2–2%) and TiO2 (0.5–3%).
Micro additives are new and little-known materials
used in construction. Even when thermal properties
of pure gypsum have been precisely investigated,
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there are no experimental studies and analyses, espe-
cially comparisons of novel gypsum composites mod-
ified with aerogel, microspheres and polymers, which
have been considered in the presented paper.
Gypsum is a traditional construction material with a
relatively low density under normal production meth-
ods. The main constituent of commercial gypsum
plaster is calcium sulphate hemihydrates
(CaSO40.5H2O). Hemihydrate gypsum can be
obtained in two main phases, namely  and  phases.
-hemihydrates gypsum is frequently used in the con-
struction industry.  phase achieves a certain level of
fluidity with much less water. Due to its better work-
ability and higher strength, -hemihydrates gypsum
has been applied in moulding, special binder systems,
and dental materials, as well as the construction
industry [32, 33].
As a starting material, the natural gypsum powder
CaSO40.5H2O (hemihydrate) widely available on the
market and meeting the standard requirements was
selected. 
Distilled water was used for mixing gypsum with the
polymer, aerogel or microspheres addition. The
properties of a gypsum block were characterized by
density ρ = 1.026 kg/m3 and conductivityλ = 0.3113 W/(mK) after 28 days of β hemihydrate
hydration (in a dry mass state). Other specimens
were produced using pure gypsum by mixing with a
water solution of the polymer, aerogel or micros-
pheres additive. Polymer additives were used as a cel-
lulose ether methyl 2-hydroxyethylcellulose produced
by Sigma-Aldrich (Warsaw, Poland). Aerogel was
translucent material produced by Cabot Corporation
(Leuven, Belgium) and microspheres were produced
by Eko Export Inc (Bielsko-Biala, Poland).
The mixture was prepared from 2 kg of gypsum powder
mixed with micro additives (HEMC or aerogel or
microspheres) dissolved in 1.5 L of distilled water.
Components were stirred using a slow rotary agitator
for 1 minute at a temperature of 20°C. The water-to-
gypsum ratio was assumed to be constant at the level of
w/g = 0.75. The gypsum slurry was modified by addi-
tion of HEMC in the amount of 1%, aerogel 1% and
microspheres 10% of gypsum. After the mixing process,
the mixture was poured into a cube-shaped form. 
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Figure 2.
Experimental setup to measure conductivity λ, specific heat capacity Cp and thermal diffusivity a: 1 – tested specimen, 2 – surface
probe, 3 – microprocessor-controlled Isomet instrument, 4 – PC computer, 5 – AC/DC power supply
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4. EXPERIMENTAL SET-UP 
Three measurements were carried out using a mea-
suring set up (Fig. 2): thermal conductivity, volumet-
ric heat capacity and thermal diffusivity. The specific
heat was obtained by dividing the measured volumet-
ric heat capacity by the bulk density of the material.
This method is used by many researchers [29, 34–36]
and based on non-stationary measurement. Its mea-
surement is based on the analysis of the temperature
response of the analysed material to heat flow
impulses. 
This is a microprocessor-controlled commercial
instrument for direct measurement of the thermal
properties of materials by means of exchangeable
probes. The signal from the probe was sent to a com-
puter by serial port RS232C and recorded. 
This is a transient method for determining thermal
conductivity. During the course of the measurement,
a known amount of heat produced by the line source
results in a heat wave propagating radially into the
specimen. The temperature rise of the line source
varies linearly with the logarithm of time. This rela-
tionship can be used directly to calculate the thermal
conductivity of the material [34, 36]. 
In this experiment the given measurements were car-
ried out by a surface probe with a built in memory
and calibration constants stored in the memory. In
principle, the time dependence of thermal response
on pulse transmitted from the heat flow into the
material being measured is analysed. The heat flow is
generated by dissipated electrical energy by means of
the probe that is in direct contact with the material
being measured. Temperature, depending on resis-
tance, is sensed by a semiconductor sensor and a time
change in the temperature is sampled in discrete
points - regression polynomials that pass through the
specimens are constructed using the least squares
method and coefficients of relevant regression poly-
nomials enable the analytical calculation of required
parameters. 
5. EXPERIMENTAL RESULTS OF THER-
MAL CONDUCTIVITY
The thermal conductivity of gypsum as fresh and
aging specimens was established using the 
non-stationary method. The results were obtained for
each of four specimens after 1, 3, 7, 14, 21, 28, and 35
days of experiment. Specimens were conditioned in
temperatures of 20–22°C and RH = 52 
 2%. After
28 days, the specimens were dried at a temperature of
65°C for 7 days. Each specimen was tested eighteen
times and, finally, the results were averaged. The effect
of contents of polymer, aerogel and microspheres after
gypsum aging on thermal conductivity, specific heat
and thermal diffusivity were also analysed. The history
of conductivity up to 35 days is presented in
Figs. 3a–3c. The measurements done for individual
days show the same effect. The values for gypsum
modified by polymers, aerogel and microspheres
always have lower conductivity than the pure gypsum
specimens (Fig. 4). After 28 days, the gypsum speci-
mens reached the air-dry state. 
After 35 days the gypsum with polymer content
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Figure 3.
Thermal conductivity changes of gypsum specimens during
aging process for pure gypsum with different additives: 
a) polymer, b) aerogel, c) microspheres
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resulted in more than 15% lower thermal conductiv-
ity in comparison to the specimen without HEMC.
The gypsum with aerogel and microspheres content
resulted in more than 8% and 7% respectively lower
values in comparison to the pure gypsum without
micro additives.
6. EXPERIMENTAL RESULTS OF SPE-
CIFIC HEAT AND THERMAL DIFFUSIV-
ITY
In the case of specific heat and thermal diffusivity,
results of both parameters were higher for gypsum
with micro additives in comparison to the specimen
of pure gypsum. After 35 days an increase of specific
heat and thermal diffusivity with added micro addi-
tives was observed. Specific heat increased in the
range of 5–7% in comparison to specimens with pure
gypsum and thermal diffusivity that increased almost
8%. The history of specific heat and thermal diffusiv-
ity up to 35 days is presented in Figs. 5a–5c and
Figs. 6a–6c. 
The results of specimens with thermal properties
after 35 days, standard deviations  and uncertainty of
variation u are presented in Table 1.
The uncertainty of the absolute measurement of the
thermal conductivity of gypsum can be described as
u(λ) = Δλ. Similarly for the specific heat u(Cp) = ΔCp
and thermal diffusivity u(a) = Δa. Because the real
value of thermal conductivity is unknown, it can be
assumed with a reasonable probability that it falls
within the range of λ-Δλ  λ  λ +Δλ . Similarly for 
the other parameters Cp-ΔCp  λ  Cp+ΔCp and 
a - Δa  a  a + Δa at 95% confidence. Both analyses
of average values and standard deviation, as well as
conducted statistical tests show that differences
between the values of thermal properties are statisti-
cally significant in almost all cases. The only case with
no statistically significant difference between the
results is the value of thermal diffusivity for pure gyp-
sum and gypsum with microspheres. 
7. OTHER PHYSICAL PROPERITES OF
MODIFIED GYPSUM PRODUCTS –
RESULTS AND ANALYSSIS
Additional physical properties of gypsum specimens
with and without micro additives addition after an
aging period were obtained using the standard test
method. Bulk density was determined as 
a ratio of mass and volume of the gypsum specimens.
Total porosity was calculated based on bulk density
with reference to the density of the structure. The
results of specimens’ bulk density and total porosity
are presented in Table 2. The specific density of gyp-
sum was ρ = 2.350 kg/m3 for all specimens. The bulk
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Figure 4.
Thermal conductivity changes of modified gypsum speci-
mens during aging process between 14 and 35 days of mea-
surement
Table 1.
Values of thermal conductivity λ, specific heat Cp, thermal diffusivity a, standard deviations σ and uncertainty of variation u of the
pure gypsum and gypsum with additives polymer, aerogel and microspheres after 35 days
Parameters
Materials
Pure gypsum Gypsum and polymer
Gypsum and
microspheres
Gypsum 
and aerogel
Thermal conductivity λ (W/(m·K)) 0.3004 0.2556 0.2778 0.2821
Standard deviation σλ (W/(m·K)) 0.0039 0.0069 0.0088 0.0072
Uncertainty uλ (W/(m·K)) 0.0022 0.0034 0.0044 0.0035
Specific heat Cp (J/(kg·K)) 1,520 1,597 1,594 1,630
Standard deviation σCp (J/(kg·K)) 31 14 31 87
Uncertainty uCp (J/(kg·K)) 11 8 17 49
Thermal diffusivity a (mm2/s) 0.1923 0.1716 0.1930 0.2074
Standard deviation σa (mm2/s) 0.0018 0.0023 0.0087 0.0095
Uncertainty ua (mm2/s) 0.0009 0.0012 0.0044 0.0049
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density of a specimen decreases and the porosity
increases with different micro additives in the gyp-
sum product. The total porosity was calculated from
the formula: 
where: ρ b is bulk density of specimens and ρ is the
specific density of pure gypsum.
During the first few days of hydration, the specimens
contained the water that was not used in chemical
processes and evaporated during aging. The higher
density corresponded to the higher water content.
The specimens with micro additives content are 
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Figure 6.
Thermal diffusivity changes of gypsum specimens during
aging process for pure gypsum with different additives: 
a) polymer, b) aerogel, c) microspheres
Figure 5.
Specific heat changes of gypsum specimens during aging
process for pure gypsum with different additives: a) polymer,
b) aerogel, c) microspheres
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Table 2.
Bulk density and total porosity of gypsum composites after
35 days
Parameters
Building materials
Pure
gypsum
Gypsum
and
polymer
Gypsum
and
micros-
pheres
Gypsum
and
aerogel
Bulk density (kg/m3) 998 940 921 920
Total porosity (%) 57.5 60.0 60.8 60.9
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characterized by lower bulk density and lower ther-
mal conductivity, higher specific heat and lower ther-
mal diffusivity in comparison to pure gypsum speci-
men. The relations between the bulk density and
thermal properties during the aging process are pre-
sented in Figs. 7a–7c, 8a–8c and 9a–9c.
The correlations between thermal conductivity, spe-
cific heat, thermal diffusivity and density are present-
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Figure 8.
Specific heat versus bulk density of gypsum specimens with
different moisture contents and different micro additives: a)
polymer, b) aerogel, c) microspheres
Table 3.
Constants A, B, C, D, E and F of equations (5–7)
Building materials
Constants
A B R2 C D R2 E F R2
Pure gypsum 0.0010 0.7176 0.9782 0.5799 2.087 0.9871 0.0005 0.2984 0.9686
Gypsum and polymer 0.0012 0.8886 0.9943 0.6985 2.225 0.9689 0.0006 0.3622 0.9751
Gypsum and microspheres 0.0012 0.8090 0.9947 0.7230 2.275 0.9919 0.0006 0.3476 0.9936
Gypsum and aerogel 0.0013 0.8520 0.9918 0.6521 2.230 0.9965 0.0006 0.3290 0.9833
Figure 7.
Thermal conductivity coefficient versus bulk density of gyp-
sum specimens with different moisture contents and differ-
ent micro additives: a) polymer, b) aerogel, c) microspheres
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ed in Figures 7–9. These relations do not explain
behaviour of materials and their mechanisms.
However, obtained correlations seem to be interest-
ing and necessary for gypsums with micro additives
presented in the publication. The thermal properties
mentioned above can be calculated on the basis of
simple measurement of density. Coefficients of
determination R2 in table 3, show high conformity of
obtained measuring points with proposed mathemat-
ical correlations.
For all the studied gypsum specimens generalized
dependencies have been proposed (5–7):
where constants of equations A, B, C, D, E and F are
presented in Table 3.
The correlations for different micro additives may
change. More variables such as stability, viscosity,
segregation degree and interfacial characteristics
should be taken into account in the future to get
information about behaviour of the materials. The
examination of these parameters will be interesting
and lead to better knowledge of the properties of
modified gypsum.
For gypsum with a content of polymer, the bulk den-
sity is 4% lower than for pure gypsum specimens and
for gypsum with a content of aerogel and micros-
pheres, the bulk density is 8% lower respectively. The
bulk density of gypsum specimens also changed dur-
ing gypsum hydration as an effect of noncrystallizable
moisture released during deceleration [37]. The
greatest changes were observed during the first 7 days
from the moment of specimen preparation. After
that period, the noncrystallizable moisture diffused
and the gypsum specimens achieved the air-dry state.
Specimens with higher bulk density and λ > 0.5  also
signify lower porosity, where the porous are filled
with water. In Fig. 10, the common effect of conduc-
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Figure 9.
Thermal diffusivity versus bulk density of gypsum specimens
with different moisture contents and different micro addi-
tives: a) polymer, b) aerogel, c) microspheres
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Figure 10.
Thermal conductivity coefficient versus bulk density for dif-
ferent type of micro additives content after 35 days of aging
J .  C i e m n i c k a ,  R .  J a s k u l s k i ,  W .  K u b i s s a ,  K .  P r a ł a t
tivity changes versus bulk density and type of micro
additives are presented. The main differences are vis-
ible for low bulk density, which is characteristic of the
specimens after 21 days of hydration. All micro addi-
tives caused a decrease in thermal conductivity.
However, the lowest thermal conductivity values
were obtained for the polymer.
8. CONCLUSIONS
The current study, described in this paper, targeted
experimental investigations of thermal properties
(thermal conductivity, specific heat, thermal diffusiv-
ity) of micro additives modified gypsums in the set-
ting and aging processes. To achieve this aim a non-
stationary method with the Isomet 2114 experimental
setup was used.
An additive in the form of micro additives changes
the structure of the new composite gypsum, which is
reflected in the density and thermal properties of the
final product. 
On the basis of results analysis of applied research on
the thermal properties changes of modified gypsum
in its setting and aging process, the following conclu-
sions can be presented.
1. An increase of porosity should lead to a decrease
of thermal conductivity, which was confirmed in
this paper in conducted experiments. 
2. The gypsum with polymer content resulted in more
than 15% lower thermal conductivity in compari-
son to the specimen without HEMC as a result of
the different density and total porosity of the mate-
rial. The gypsum with aerogel and microspheres
content resulted in more than 8% and 7% respec-
tively lower values in comparison to the pure gyp-
sum without micro additives. 
3. An increase of specific heat and thermal diffusivity
with added micro additives was observed. Specific
heat increased in the range of 5–7% in comparison
to specimens with pure gypsum and thermal diffu-
sivity that increased almost 8%. 
Modification of pores by micro additives leads to an
observed decrease of thermal conductivity and
increase of specific heat and thermal diffusivity. The
analyzed new gypsum composites are thus environ-
mentally friendly materials with improved insulating
performance.
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